Introduction {#sec1}
============

Aerosol particles can have either warming (direct) or cooling (direct or indirect, through cloud droplets) effects in the atmosphere.^[@ref1]^ Fundamentally, physicochemical properties of aerosol components and all their relevant mixtures are needed to describe the formation and transformation of atmospheric aerosol particles and their climate effects. For example, properties (e.g., solubility, activity) describing interactions of aerosol particle constituents with water are needed for modeling the hygroscopic growth and cloud formation of atmospheric aerosol according to Köhler theory.^[@ref2]^

The experimental determination of the relevant liquid-phase properties of atmospheric trace gases is challenged by the vast amount of different components identified in atmospheric aerosols and the exotic nature of especially many organic compounds. Even if compounds may be detected, in many cases it is not possible either to extract sufficient amounts of pure compound or to synthesize the reference compound for available analytical methods. Computational models are therefore a promising pathway to estimate these properties of compounds that are not possible to measure with sufficient accuracy using current experimental methods. One such method is the conductor-like screening model for real solvents (COSMO-RS^[@ref3]−[@ref5]^) theory, which uses quantum chemical data to estimate thermophysical properties of liquids.

COSMO-RS is implemented, for instance, in the COSMO*therm* program. COSMO*therm* has been used in several studies to estimate the solubilities, activity coefficients, and partitioning coefficients of atmospherically relevant molecules.^[@ref6]−[@ref12]^ Estimated absolute solubilities in these previous works do not agree well with experimental solubilities, whereas the relative temperature dependence of the solubilities is described better.^[@ref7]^ In addition, solubility estimates using COSMO*therm* at different temperatures can be improved if the solubility is already known at some temperature(s). The description of the compound at the reference temperature is then used, as opposed to using the experimental heat of fusion and melting temperature, to estimate the free energy of fusion. For instance, Reinisch et al.^[@ref13]^ were able to predict liquid--liquid equilibria (LLE) of polyether water mixtures at different temperatures using the experimental solubility at 298.15 K as a reference in the COSMO*therm* calculation. Other methods have also been proposed to further improve the COSMO*therm* estimates. Reinisch et al.^[@ref13]^ also achieved better agreement between experimental and estimated solubilities by rescaling the molecular surface areas in the COSMO*therm* calculation.

The advantage of COSMO*therm*, compared to, for example, group contribution methods, is the ability to take into account the position of the functional groups in the molecule. The possibility of intramolecular H-bond formation is included by using multiple conformers with different hydrogen bonding patterns in the calculation. In different solutions, the conformer distributions of multifunctional compounds vary largely on the basis of free energies of each conformer in the solution. For multifunctional compounds, all important hydrogen bonding patterns are not taken into account if only a small set of conformers (normally 10 conformers) is included in COSMO*therm* calculations. Recently, Kurtén et al.^[@ref14]^ showed that COSMO*therm* estimates of saturation vapor pressures are highly dependent on the conformational sampling of multifunctional compounds containing hydroperoxide groups and proposed a more comprehensive conformer sampling and increasing the number of conformers used in the COSMO*therm* calculations. In addition, Kurtén et al. investigated the effect of the treatment of intramolecular hydrogen bonding on the estimated saturation vapor pressures and found that selecting conformers containing fewer intramolecular H-bonds gave a better agreement between the estimates and experiments because of the tendency of the computational level of theory to overestimate the favorability of intramolecular H-bonds.^[@ref14]^

Here, we continue to investigate the effect of the treatment of intramolecular hydrogen bonding in the conformers chosen for COSMO*therm* calculations, by focusing on estimations of condensed-phase properties for multifunctional organic compounds. While there are no experimental data on highly oxygenated organic molecules (HOM^[@ref15]^), we here use the relatively well-constrained and atmospherically relevant citric acid (C~6~H~8~O~7~, CA) to benchmark our calculations. As a representative model for highly oxidized soluble multifunctional secondary organic aerosol (SOA) compounds, citric acid is used to gauge which types of conformers give the best agreement between experiments and COSMO*therm* predictions. Citric acid has four hydrogen bond donating functional groups, which allows for the investigation of the effect of selecting conformers with different number of intramolecular H-bonds in the COSMO*therm* calculations. In addition, many studies^[@ref16]−[@ref29]^ are available on different physicochemical properties of citric acid, which allows for the comparison between the COSMO*therm* estimates and experimental values. As additional benchmark compounds for aqueous solubility and water activity, we use tartaric (COOH(CHOH)~2~COOH), malic (HOOCCH~2~CHOHCOOH), and maleic (HOOCCH=CHCOOH) acids, which have some experimental data available for a comparison.

As other examples of SOA components, we also include isoprene-derived dihydroperoxy hydroxy aldehyde (C~5~H~10~O~6~, all isomers) and dihydroxy dihydroperoxide (C~5~H~12~O~6~, iso1),^[@ref14]^ and α-pinene-derived organosulfates (R-OSO~3~H, α-pinene-OS^[@ref30]^). Although experimental data are not available for these compounds, they may contribute significant SOA mass in the atmosphere and have previously been included in COSMO*therm* calculations. We therefore utilize previously generated cosmo-files from studies that used the same systematic conformer sampling scheme. The chemical structures of the studied isoprene- and α-pinene-derived compounds are shown in [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information, respectively.

Computational Methods {#sec2}
=====================

Input File Generation {#sec2.1}
---------------------

We use the COSMO*therm*^[@ref31]^ program release 19 to calculate various condensed-phase properties of the studied compounds. The cosmo-files used as input in the COSMO*therm* calculations are generated using the following systematic method used in our previous studies.^[@ref14],[@ref30]^ A systematic conformer search is performed using MMFF force fields in Spartan'14.^[@ref32]^ This method, similar to the conformer sampling algorithms in COSMO*conf*, finds the conformers in a vacuum. These conformers are then used as input in COSMO*conf* (version 4.2).^[@ref33]^ COSMO*conf* is used to optimize condensed- and gas-phase geometries and calculate screening charge densities of the conformers and to discard duplicate conformers and conformers with similar chemical potentials in a set of solvent compounds. Our template in the COSMO*conf* calculations follows the default BP-TZVPD-FINE-COSMO template without the initial conformer sampling, and setting the maximum number of conformers at the final single-point energy calculation to 500. The final cosmo-files are calculated at the BP/def2-TZVPD-FINE//BP/def-TZVP level of theory and the most recent parametrization (BP_TZVPD_FINE 19) is used in the COSMO*therm* calculations. Cosmo-files for the isoprene-derived compounds are taken from Kurtén et al.^[@ref34]^ and for the organosulfates from Hyttinen et al.^[@ref35]^

We test the effect of selecting conformers on COSMO*therm*-estimated condensed-phase properties solubility, activity coefficient, and p*K*~a~. Conformers are grouped on the basis of their intramolecular hydrogen bonding. A similar comparison was done for the gas phase by Kurtén et al.^[@ref14]^ in estimation of saturation vapor pressures. COSMO*therm* is able to indicate which of the hydrogen bond donating functional groups have their hydrogen bonding area partially (partial H-bond) or completely free (no H-bond). On the basis of this information, we form groups of conformers according to the maximum number of full intramolecular H-bonds (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), so that "0 H-bonds" ⊆ "1 H-bond" ⊆ "2 H-bonds" ⊆···⊆ "all conformers".

![Different conformer sets used in the COSMO*therm* calculations. The 2, 1, and 0 H-bond conformer sets are formed on the basis of the maximum number of intramolecular H-bonds. Conformers in the CONF_SELECT set are selected on the basis of their chemical potential and can have any number of intramolecular H-bonds.](jp0c04285_0001){#fig1}

In general, the COSMO energy of a conformer containing multiple intramolecular H-bonds is lower (more favorable) than that of a conformer containing no hydrogen bonds (see [section S1.1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) and [Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information). In COSMO*therm* calculations, conformers (chosen for the calculation based on their COSMO energies) are weighted on the basis of the sum of their COSMO energy and chemical potential in the solution using Boltzmann distribution and assuming an equilibrium. Selecting conformers for COSMO*therm* calculations solely on the basis of their COSMO energies, the high energy 0 H-bond conformers are not necessarily considered in the calculation. This depends on the total number of conformers and the flexibility of the molecule. Limiting the number of intramolecular H-bonds in the conformers that are selected to the COSMO*therm* calculation, will therefore increase the number of conformers containing fewer intramolecular H-bonds.

Additionally, we use the CONF_SELECT method to select relevant citric acid conformers in the binary citric acid--water system. CONF_SELECT is a COSMO*therm* calculation step implemented in COSMO*conf*, to select conformers on the basis of their weights in different solvents. The default set of solvents contains 31 different inorganic and organic compounds from the COSMO*base*.^[@ref36]^ COSMO*base* is a database of precalculated cosmo-files needed for COSMO-RS calculations. Here, we use water and citric acid (COSMO*base* conformers) as the solvents instead of the default 31 different compounds, in order to find conformers of citric acid that are relevant in binary citric acid--water solutions. The CONF_SELECT method finds the highest weighted conformer at infinite dilution in each of the solvents and adds each of those conformers to the final conformer set. In addition, CONF_SELECT uses a threshold parameter that describes the allowed change in the free energy of the compound in all of the different solvents, when a single conformer is removed from the full set of conformers. The free energy of the compound is calculated in the different solvents using the full set of conformers and after omitting a single conformer. If the change in free energy calculated using these two sets of conformers is below the threshold in all of the solvents, the conformer is removed from the conformer set (as it has only a small effect on the total free energy in each solvent). This means that decreasing the threshold value increases the number of conformers that the method saves.

Neutral citric acid contains four hydrogen bond donating functional groups (three carboxylic acid groups and one hydroxy group). In a deprotonated citric acid molecule, one of the protons of a carboxylic acid group is removed, leaving three hydrogen bond donors (the structures are shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information). Similarly, the isoprene-derived C~5~H~12~O~6~ contains 4 hydrogen bond donating functional groups but all of the 500 lowest-energy conformers contain at least one intramolecular hydrogen bond^[@ref14]^ due to the flexibility of the molecule and the large total number of conformers (the highest energy conformers were omitted from the COSMO*conf* calculations due to the 500 conformer cutoff). We therefore rerun the COSMO*conf* calculation for the two diastereomers (iso1-S,S and iso1-S,R) without any cutoffs in order to find conformers with no intramolecular hydrogen bonds (using COSMO*conf* version 4.3^[@ref37]^).

For citric, tartaric, malic, and maleic acids, we also compare the effect of using the cosmo-files available in COSMO*base* on the estimated condensed-phase properties. COSMO*base* contains only at most 10 conformers of each compound. We therefore use all of the conformers from the COSMO*base* instead of omitting conformers containing intramolecular hydrogen bonds. The α-pinene- and isoprene-derived compounds studied here are not available in the COSMO*base*.

COSMO*therm* Calculations {#sec2.2}
-------------------------

We use COSMO*therm* to calculate solubility and activity coefficients for each organic compound and water in their binary mixtures. In addition, we calculate the first acid dissociation constant (p*K*~a~) of citric acid in water, with *K*~a~ corresponding to the first deprotonation equilibrium C~6~H~8~O~7~ + H~2~O ⇌ C~6~H~7~O~7~^--^ + H~3~O^+^. Equations used to calculate each of these properties are summarized below, more details can be found from the COSMO*therm* Reference Manual.^[@ref38]^

Activity Coefficients {#sec2.3}
---------------------

The activity coefficient (γ~i~) of compound i with mole fraction *x*~i~ is calculated from the pseudochemical potential^[@ref39]^ using the pure compound as the reference state (convention I^[@ref40]^):The pseudochemical potential is defined using the standard chemical potential at the reference state :where *R* is the gas constant, *T* is the temperature, and the reference pressure *P* is 10^5^ Pa. The same temperature is used for the reference state and the actual state {*x*~i~}.

The value of the activity coefficient in a given actual state {*x*~i~} depends on the chosen reference state and by definition, γ~i~ = 1 in the reference state . Often, experimental activity coefficients are derived with respect to the infinite dilution of the solute. To change the reference state of the activity coefficient calculation of a solute from pure compound () to infinite dilution (, labeled as convention II^[@ref40]^), the activity coefficient calculated at the actual state {*x*~i~} is divided by the activity coefficient calculated at the infinite dilution state^[@ref40]^ (*x*~i~ → 0) with respect to the pure component reference:The reference state of water activity coefficients is the same in convention I and convention II (*x*~w~ = 1).

The experimental values for citric acid activity coefficients^[@ref21],[@ref25],[@ref41]^ are given on a molality basis, as opposed to the mole fraction basis that is used by COSMO*therm*. To compare experimental molality basis activity coefficients () with our mole fraction basis activity coefficients, the experimental activity coefficients are converted to the mole fraction basis as where *b* is the molality (mol kg^--1^) of the compound and *M*~w~ is the molar mass (g mol^--1^) of the solvent water.^[@ref42]^

Solubility {#sec2.4}
----------

With relatively high melting temperatures (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), citric, tartaric, malic, and maleic acids are solid at atmospherically relevant temperatures. The aqueous solubilities (*x*~SOL~) are therefore estimated by solving the solid--liquid equilibrium (SLE) of the binary acid--water system:where Δ*G*~fus,i~(*T*) is the temperature dependent molar free energy of fusion of the solute. When Δ*G*~fus~ is unknown, it is estimated by COSMO*therm* from the heat of fusion (Δ*H*~fus,i~), melting temperature (*T*~melt,i~), and the heat capacity of fusion (Δ*C*~*p*,fus,i~) of the compound:We use experimentally determined values of the heat of fusion and melting point, and the heat capacity of fusion is estimated from the two:Table 1Experimental Melting Points (*T*~melt,i~) and Heats of Fusion (Δ*H*~fus,i~) of Citric, Tartaric, Malic, and Maleic Acidsacidmelting point (K)heat of fusion (kJ mol^--1^)citric427.8[a](#t1fn1){ref-type="table-fn"}40.32[a](#t1fn1){ref-type="table-fn"}tartaric445.04[a](#t1fn1){ref-type="table-fn"}36.31[a](#t1fn1){ref-type="table-fn"}malic376[b](#t1fn2){ref-type="table-fn"}; 403[c](#t1fn3){ref-type="table-fn"}23.012;[b](#t1fn2){ref-type="table-fn"} 29.031[c](#t1fn3){ref-type="table-fn"}maleic411.85[d](#t1fn4){ref-type="table-fn"}26.9[d](#t1fn4){ref-type="table-fn"}[^1][^2][^3][^4]Combining [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"} gives the equilibrium conditionby which the activity () of a compound at the solubility limit only depends on the free energy of fusion and the temperature.

When a liquid--liquid equilibrium (LLE) exists, the system consists of two distinct liquid phases, a solvent-rich phase (α) and a solute-rich phase (β), and the LLE forms between these two phases, as opposed to a pure solute phase and a solvent-rich phase. Solubilities for liquid compounds (isoprene- and α-pinene-derived compounds) are therefore estimated by solving the liquid--liquid equilibrium condition:

For acidic compounds, solubilities can furthermore be corrected by taking the dissociation of the acid in the solvent water into account. For this, we need to know the acid constant (p*K*~a~) in water. We evaluate the performance of the COSMO*therm* p*K*~a~ calculation by comparing estimated p*K*~a~ values of citric acid to those found in the literature. Only the first p*K*~a~ is calculated, since according to experiments, the second p*K*~a~ of citric acid is much higher than the first,^[@ref46]^ so that the second deprotonation step only has a small effect on the equilibrium position of the first deprotonation. COSMO*therm* estimates the p*K*~a~ of compound i from the molar free energy (*G*) of the neutral and ionic species at infinite dilution, using the linear free energy relationship (LFER):We use LFER parameters *c* (=--130.152) and *d* (=0.116 mol kJ^--1^) for water as solvent from COSMO*therm*'s parameter file.

The concentration of ionic species from dissociation () is calculated using the molar concentration of dissolved, undissociated acid, .The density (ρ) and average molar mass (*M*) of aqueous citric acid solutions used in the conversion between mole fractions and molar concentrations are given in [section S1.2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information.

Results and Discussion {#sec3}
======================

Carboxylic Acids {#sec3.1}
----------------

### Solubility {#sec3.1.1}

We estimated the temperature dependent binary aqueous solubility for each organic compound, using the different sets of conformers in the COSMO*therm* calculation. The SLE for the carboxylic acid--water solutions (anhydrous, amorphous solid acid, and liquid-phase water) were found in 10 K intervals between 278.15 and 338.15 K. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows a comparison between the calculated and experimental^[@ref16]−[@ref19]^ solubilities for citric acid as a function of temperature. The aqueous solubilities of tartaric, malic, and maleic acids are shown in [Figure S5a--c](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information, respectively. In general, using the COSMO*base* conformers produces the lowest solubility estimates at all temperatures. One exception is maleic acid, for which our systematic conformer sampling scheme found one less unique conformer than what is found in the COSMO*base*, leading to slightly higher aqueous solubility when the COSMO*base* conformers were used, compared to using all conformers found from systematic conformer sampling. The CONF_SELECT conformer set (citric acid) leads to a solubility estimate similar to that of the 1 H-bond conformer set, which can be explained by the high fraction (74%) of the conformers containing a single intramolecular H-bond in the CONF_SELECT conformer set.

![Solubility of citric acid as a function of temperature resulting from using different sets of conformers in the COSMO*therm* calculation. Experimental values are from Dalman (plus,^[@ref16]^ square^[@ref17]^) Mullin^[@ref18]^ and Apelblat and Manzurola.^[@ref19]^](jp0c04285_0003){#fig2}

For citric acid, the experimental solubilities are underestimated by 1 order of magnitude at 298.15 K using the COSMO*base* conformers. We ran additional calculations to see what value of Δ*G*~fus~ would produce agreement between the experimental citric acid solubilities (Apelblat and Manzurola^[@ref19]^) and COSMO*therm* estimates calculated using the COSMO*base* conformers. The free energy of fusion calculated from the experimental heat of fusion and melting temperature using [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} is 2.2--5.2 kJ mol^--1^ higher ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) in [section S1.3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information) than what is required for an agreement between the experimental and estimated solubilities using the COSMO*base* conformers.

Using conformers with no intramolecular hydrogen bonds gives the best agreement with the experimental solubility values of citric, tartaric, and maleic acids. This is reasonable, since water is a highly polar solvent that is able to interact with both the hydrogen bond donating and accepting functional groups of the solute. When a conformer has fewer intramolecular H-bonds, more of the hydrogen bonding area is available for intermolecular interactions with the solvent. The experimental heat of fusion and melting point values of malic acid have large variations, leading to large differences in the COSMO*therm*-estimated solubilities of malic acid. Using the higher melting point and heat of fusion values,^[@ref44]^ we get a good agreement between experimental^[@ref19]^ and calculated solubilities using the 0 H-bond conformer set, if we assume that Δ*C*~*p*,fus~ = 0 kJ mol^--1^ K^--1^. Using the Δ*C*~*p*,fus~ = Δ*H*~fus~/*T*~melt~ estimate, the best agreement between experiments and COSMO*therm* estimates is found using all conformers from systematic conformer sampling.

Aqueous solubilities calculated for citric acid using Δ*C*~*p*,fus~ = 0 kJ mol^--1^ K^--1^, instead of the Δ*C*~*p*,fus~ estimate of [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}, are shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information. This assumption leads to lower solubility estimates for all the used conformer sets. The difference in solubilities calculated using the two Δ*C*~*p*,fus~ values decreases with increasing temperature and is on average a factor of 3.1 at 278.15 K and 1.3 at 338.15 K. Assuming Δ*C*~*p*,fus~ = 0 kJ mol^--1^ K^--1^ underestimates the aqueous solubility of Apelblat and Manzurola^[@ref19]^ by a factor of 1.3.

We also calculated dissociation corrected solubilities for citric acid at 298.15 K using the different conformer sets (0, 1, 2, and 3 H-bonds) and first p*K*~a~ of citric acid estimated by COSMO*therm* (see [section S1.4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) and [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information for the p*K*~a~ calculations). The p*K*~a~ values were estimated using the corresponding conformer sets for the neutral and deprotonated citric acid; e.g., the 0 H-bond conformer set was used for both the neutral and the deprotonated citric acid to calculate the p*K*~a~ value used to correct the solubility calculated using the 0 H-bond conformer set. The estimated p*K*~a~ is the highest using the 0 H-bond conformer set and the lowest using the 3 H-bond conformer set. The experimental p*K*~a~ (3.13^[@ref20]^) falls between the estimates calculated using the 0 and 1 H-bond conformers. For the COSMO*base* conformer set, we used the experimentally determined value of p*K*~a~ since the deprotonated species needed for the p*K*~a~ calculation was not available in the COSMO*base*. Density calculations for aqueous citric acid solutions (needed for the conversion from mole fraction to molar concentration) using COSMO*therm* are given in [section S1.2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf). The increase in dissociation corrected (mole fraction) solubility, compared to the uncorrected estimates, is smallest (1.4%) using the 0 H-bond conformer set due to the high p*K*~a~ (3.6) relative to the other conformer sets and experiments. The estimated p*K*~a~ is the lowest (1.8) using the 3 H-bond conformer set, which leads to a 13.9% increase in the estimated solubility when dissociation is included in the calculation. At 298.15 K, the dissociation corrected 3 H-bond solubility is still underestimating the experimental values^[@ref19]^ by a factor of 4.5, as opposed to a factor of 5.2 for the uncorrected solubility estimate.

### Activity {#sec3.1.2}

We calculated the activity coefficients of citric acid and water in binary citric acid--water mixtures and compared our estimated values with experimentally determined activity coefficients.^[@ref21],[@ref25],[@ref41],[@ref47]−[@ref50]^ For binary aqueous mixtures of tartaric, malic, and maleic acids, we found experimental acid activity data only for malic and maleic acids measured in a short acid mole fraction range (0.009 ≤ *x*~acid~ ≤ 0.05) using the 1 molal (*x*~acid~ = 0.018) solution as a reference.^[@ref51]^ We are therefore not comparing tartaric, malic, and maleic acid activity coefficient estimates with experiments. Parts a and b of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} compare estimated and experimentally determined^[@ref21],[@ref25],[@ref41]^ activity *coefficients* of citric acid in water.

![Estimated and experimentally determined (Levien,^[@ref21]^ Apelblat et al.,^[@ref41]^ and Apelblat and Manzurola^[@ref25]^) activity coefficients (γ^II^) of citric acid at (a) 298.15 K and (b) the freezing points^[@ref25]^ of binary aqueous mixtures, as a function of citric acid mole fraction *x*~CA~. The black dotted line represents ideal mixing, γ^II^ = 1.](jp0c04285_0004){#fig3}

All sets of experimentally determined activity coefficients were given on a molality basis and for comparison converted to a mole fraction basis using [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}. Derivation of the experimental activity coefficients is explained in [section S1.5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf). To facilitate comparison to these experimental values, COSMO*therm* estimates for citric acid activity coefficients were made at the experimentally determined freezing temperatures of each binary mixture.^[@ref25]^ Since the experimental values are derived from freezing points, we here assumed that the reference state temperature is the freezing temperature of the reference state solution (*T*° = 273.125 K). However, the reference state temperatures of COSMO*therm* estimates are the freezing temperatures of each of the calculated mixtures. This difference in reference state temperature may lead to small discrepancies between experimental values and COSMO*therm* estimates.

The experimentally determined activity coefficients (convention II) of citric acid in aqueous solutions are above 1 at all binary mixing states, similar to the estimates using the 0 H-bond conformer set. For the other conformer sets from the systematic conformer search, COSMO*therm*-estimated activity coefficients are slightly above (at the freezing point) or below (298.15 K) ideality (γ^II^ = 1). The experimental activity coefficients for citric acid derived at the freezing points span a wide composition range, including also very dilute citric acid states. In the data sets based on osmotic coefficients the lowest citric acid mole fraction is an order of magnitude higher. Due to this lack of experimental points for very dilute solutions in the Levien^[@ref21]^ and Apelblat et al.^[@ref41]^ data sets, the behavior at *x*~CA~ \< 1.8 × 10^--3^ cannot be resolved in these cases and the extrapolation to lower mole fractions does not predict similar behavior, as seen by Apelblat and Manzurola.^[@ref25]^ The estimated citric acid activity coefficients at infinite dilution and convention I are 0.019, 0.197, 0.281, 0.288, and 1.614, calculated using 0, 1, 2, 3 H-bond and COSMO*base* conformer sets, respectively.

Water activities in aqueous citric acid solutions have been measured in both bulk- and particle-phase experiments.^[@ref21],[@ref41],[@ref47]−[@ref50]^ A comparison between experimentally determined water activity coefficients and COSMO*therm* estimates is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. We see also for water in the mixtures how the estimated activity coefficients calculated using the 0 H-bond conformer set agree very well with the experimental values, while the other conformer sets predict activity coefficients close to ideal (γ~w~ = 1).

![Estimated and experimentally determined water activity coefficients (γ~w~) at 298.15 K in binary citric acid--water mixtures, as a function of citric acid mole fraction *x*~CA~. The left panel shows comparison with bulk measurements,^[@ref21],[@ref41][@ref47]−[@ref50]^ and the right panel shows that with particle measurements.^[@ref50]^ The black dotted line represents ideal mixing, γ~w~ = 1.](jp0c04285_0005){#fig4}

Peng et al.^[@ref50]^ measured water activities in binary tartaric acid--water and malic acid--water mixtures, Choi and Chan^[@ref52]^ measured water activities in binary maleic acid--water mixtures. In addition, Maffia and Meirelles^[@ref47]^ have reported water activities of tartaric and malic acids in acid mole fractions below the solubility limits of the acids (*x*~acid~ \< 0.12). A comparison between experimental and COSMO*therm*-estimated water activity coefficients for tartaric, malic, and maleic acids is shown in [Figure S9a--c](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information, respectively. For all three acids, the best agreement between experiments and calculation is found using the 0 H-bond conformer set. In the bulk phase, COSMO*therm*-estimated water activities are very close to the experiments, while in the particle phase, COSMO*therm* tends to overestimate the experimental water activity coefficients (see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) in the Supporting Information). The water and acid activity coefficients calculated using the 0 H-bond conformer set at 298.15 K are shown in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information.

The conformer distribution of multifunctional compounds in equilibrium depends highly on the solution. As an example, we have used a set of 10 conformers (one half from the 3 H-bond conformer set and the other half containing no intramolecular H-bonds) to investigate the conformer distributions of citric acid in binary citric acid--water solutions. In pure citric acid, conformers containing no intramolecular H-bonds have 0.07 weight whereas the conformers containing multiple H-bonds have 0.93 weight of the total conformer distribution. In a dilute aqueous solution, the corresponding weights are 0.81 and 0.19 of the total conformer distribution, respectively (see [section S1.6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf), [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf), and [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information). Using the infinite dilution reference state and calculating properties for citric acid in states close to the reference state, the pure compound is not taken into account. In this case, it is especially critical to include conformers that have a high weight at infinite dilution, to improve the description of the strong intermolecular interaction between citric acid and the solvent water. Using conformers containing intramolecular H-bonds in COSMO*therm* calculations clearly leads to the underestimation of the intermolecular interactions between citric acid and solvent water, compared to what is seen in experiments.

We additionally calculated activities of both citric acid and water in binary mixtures ranging from pure water to the solubility limit of citric acid and 278.15--338.15 K. Activities calculated using different sets of conformers are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--e and [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--e for citric acid and water, respectively. The activity coefficient values of [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e and [6](#fig6){ref-type="fig"}e can be found in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information.

![COSMO*therm*-estimated activity of citric acid (*a*~CA~) in binary citric acid--water mixtures with different mole fractions of citric acid (*x*~CA~) calculated using (a) COSMO*base* conformers and conformers from the (b) 3 H-bond, (c) 2 H-bond, (d) 1 H-bond, and (e) 0 H-bond conformer sets.](jp0c04285_0006){#fig5}

![COSMO*therm*-estimated water activity (*a*~w~) in binary citric acid--water mixtures with different mole fractions of water (*x*~w~) calculated using (a) COSMO*base* conformers and conformers from the (b) 3 H-bond, (c) 2 H-bond, (d) 1 H-bond, and (e) 0 H-bond conformer sets. Note the reverse *y*-axis.](jp0c04285_0007){#fig6}

At each temperature, the value of the activity of citric acid at the aqueous solubility limit *a*~CA~(*x*~SOL,CA~) is independent of the conformers used in the COSMO*therm* calculations, as can be seen from [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}. However, as the solubility (*x*~SOL,i~) itself depends on the conformers used, the activity *coefficients* at the solubility limit () in turn do as well. For example, at 298.15 K, *x*~SOL,CA~ varies between 1.2 × 10^--2^ and 1.6 × 10^--1^ using all of the different conformer sets but the value of the activity at each solubility limit is 1.6 × 10^--2^. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} this can be seen from the contour lines, which intersect the solubility limit (the border between the white and the colored areas) at the same temperatures in all of the panels. The variation in citric acid activity with conformers used can be seen at all of the other binary mixing ratios (*x*~CA~ \< *x*~SOL~).

Using the COSMO*base* conformers, the estimated activity of citric acid is higher than its mole fraction ( \> 1) at all of the temperatures and mixing states, except for the highest mole fractions at 338.15 K (the yellow region). For each of the other conformer sets, citric acid activity is below the corresponding mole fraction ( \< 1) at all temperatures and mixing states. Decreasing the number of intramolecular H-bonds in the conformers used in the COSMO*therm* calculation decreases the aqueous activity of citric acid, meaning that mixing interactions are more favorable, compared to pure citric acid. Placing too much emphasis on stabilizing intramolecular H-bonds therefore leads to underestimation of the stabilizing interaction between the citric acid and water.

The water activity in binary citric acid--water solutions is close to the ideal value (*a*~w~ ∼ *x*~w~) at all mixing states, except when calculated using the 0 H-bond conformer set. This deviation from ideality can be explained by the estimated solubility of citric acid, which is higher using the 0 H-bond conformer set compared to the other conformer sets. At low concentrations of citric acid (*x*~CA~ \< 0.05) the water activity is close to ideal, similar to estimates using the other conformer sets. We also note that COSMO*therm*-estimated water activities have no clear temperature dependence in the binary citric acid--water mixtures.

For citric, tartaric, maleic, and malic acids, we were able to compare our estimates with experimental condensed-phase data. We also investigated the effect of taking conformer selection into account for estimated solubilities and activities of α-pinene-derived organosulfates and isoprene-derived multifunctional oxidized compounds. For these atmospherically relevant compounds, to our best knowledge, no corresponding experimental data is available in the literature.

α-Pinene-Derived Organosulfates {#sec3.2}
-------------------------------

The aqueous solubilities and activities of the α-pinene-OS have previously been estimated at 298.15 K by Hyttinen et al.^[@ref30]^ using the 0 H-bond conformer set. Here, we show the aqueous solubility estimates and activity coefficients at varying temperatures and compare the values calculated using different conformer sets in COSMO*therm*.

Solubilities for α-pinene-derived organosulfates are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--f. Generally, the estimated solubilities of organosulfates increase when the number of intramolecular H-bonds is limited in the COSMO*therm* calculation. This is in agreement with what was seen in the solubility estimates of citric, tartaric, malic, and maleic acids using the different conformer sets. Using conformers that interact more with the polar solvent water increases the solubility estimate compared to when conformers containing intramolecular H-bonds are used. The only exception is α-pinene-OS-4, which has three carbonyl groups (H-bond acceptors) in addition to the sulfate group. At low temperatures (*T* ≤ 338.15 K), using the 0 H-bond conformer set gives a lower solubility estimate than the 1 H-bond conformer set.

![Solubilities of α-pinene-derived organosulfates in pure water (*x*~SOL,OS~, green lines) and of water in the corresponding organosulfate-rich phases (*x*~SOL,w~, blue lines) as a function of temperature: (a) α-pinene-OS-1, (b) α-pinene-OS-2, (c) α-pinene-OS-3, (d) α-pinene-OS-4, (e) α-pinene-OS-5, and (f) α-pinene-OS-6. The solubility estimates at 298.15 K, calculated using the 0 H-bond conformers, have previously been reported by Hyttinen et al.^[@ref30]^](jp0c04285_0008){#fig7}

COSMO*conf* identified only 15 and 22 unique conformers for α-pinene-OS-1 and 2, respectively (see [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information). No conformers containing the maximum number of 2 H-bonds were found for either of these two structural isomers. With at most 40 conformers in the COSMO*therm* calculations, all of the conformers of α-pinene-OS-1 and 2 are included. In calculations where all conformers are used (at 298.15 K), the weight of the 0 H-bond conformers is 0.24--0.40 and 0.47--0.81 for α-pinene-OS-1 and 2, respectively, depending on the mixing state (see [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information). For comparison, the fraction of 0 H-bond conformers in the full conformer set is 0.47 and 0.50 for α-pinene-OS-1 and 2, respectively. Due to the low number of conformers, differences in the solubilities calculated using the different conformer sets are likely caused both by the difference in the number of conformers in the calculation (the calculation has not converged) and by the effect of including/excluding the energetically more favorable hydrogen bond containing conformers.

On the contrary, none of the 0 H-bond conformers of α-pinene-OS-4 are included in the 40 lowest-energy conformers (due to the flexibility of the molecule and the high number of conformers). This explains the large difference in the solubility of water in the OS, and the different temperature dependence of the aqueous solubility of OS, between calculations using the two different conformer sets (0 H-bonds and 1 H-bond).

Activities for water (*a*~w~) and organosulfates (*a*~OS~) were calculated at the stable mixing states of each binary solution. Parts a and b of [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} show water activity in the organic-rich phase of the α-pinene-OS-4--water binary system calculated using the 0 H-bond and 1 H-bond conformer sets, respectively. Similarly, parts c and d of [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} show OS activity in the organic-rich phase, and parts e and f of [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} are for the water-rich phase. The water activity is very close to unity in all stable mixing states of the water-rich phase and is therefore not shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. Water and OS activities of the remaining α-pinene-derived organosulfates are shown in [Figures S12a--f--S16a--f](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) (and [Tables S8--S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf)) of the Supporting Information.

![Activities of water (*a*~w~, panels a and b) and α-pinene-OS-4 (*a*~OS~, panels c--f) as a function of temperature at different mole fractions of water and OS (*x*~w~ and *x*~OS~, respectively). Activity coefficients were calculated using the 0 H-bond (a, c, and e) and 2 H-bond (b, d and f) conformer sets. The corresponding activity coefficient values can be found in [Table S13](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information.](jp0c04285_0009){#fig8}

There is a clear difference in activities of both water and α-pinene-OS-4 between the different conformer sets in each of the water-rich and organic-rich phases of the binary system. COSMO*therm* estimates much higher water activities using the 0 H-bond conformer set than using the 1 H-bond conformer set. The estimated OS activities in the OS-rich phase are similar when calculated using either of the conformer sets, but due to the large difference in the estimated aqueous solubility in the OS, the activity of the OS at the solubility limit is very different.

There are no large differences in either water or OS activities calculated using the different conformer sets for α-pinene-OS-1, 2, 3, and 6 (see [Figures S12--S14 and S16](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information). This is likely due to the 0 H-bond conformers being included in the 40 lowest-energy conformers of the 2 H-bond conformer set. Furthermore, the lowest-energy conformers containing no intramolecular H-bonds are third, fifth, eighth, and fourth lowest-energy conformers in the set of all conformers, respectively. This gives the 0 H-bond conformers higher weights in the COSMO*therm* calculations compared to the lowest-energy 0 H-bond conformer of α-pinene-OS-5. α-Pinene-OS-5 has several 0 H-bond conformers within the 40 lowest-energy conformers but the lowest-energy conformer of the 0 H-bond conformer set has the 18th lowest energy overall. This leads to simlar differences in the water and OS activities calculated using the different conformer sets (see Figure S15 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf)) as was seen in α-pinene-OS-4 ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

Isoprene-Derived Oxidized Multifunctional Compounds {#sec3.3}
---------------------------------------------------

COSMO*therm* predicts that each of the two isoprene-derived oxidation products (C~5~H~10~O~6~ and C~5~H~12~O~6~) are miscible with pure water at temperatures ranging from 278.15 to 338.15 K. As an example, activities of water and C~5~H~12~O~6~ iso1-S,R in all binary mixing states at 298.15 K and predicted using different sets of conformers in the COSMO*therm* calculations are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a--d. Activities for the other isoprene-derived compounds are shown in [Figures S17a--d--S23a--d](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information.

![Activities of C~5~H~12~O~6~ iso1-S,R and water (*a*~iso1--S,R~ and *a*~w~, respectively) in the binary solutions at 298.15 K, as a function of mole fraction *x*. The conformer sets of C~5~H~12~O~6~ used in the COSMO*therm* calculation are (a) 3 H-bonds, (b) 2 H-bonds, (c) 1 H-bond, and (d) 0 H-bonds.](jp0c04285_0010){#fig9}

We see that there is very little difference in estimated activities of both organic and water when conformers containing multiple intramolecular hydrogen bonds are included in the COSMO*therm* calculation ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,b). Furthermore, activities are close to ideal (*a* = *x*) in all mixing states. When the number of intramolecular H-bonds is limited to 1 or 0 ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c,d, respectively), both water and organic activity decrease. This change is consistent with what was seen for the solubility estimates when only conformers containing no intramolecular H-bonds are used, that the mixing of water and the oxidized organic is more favorable.

We also compare activity coefficients (γ^I^) of the C~5~H~10~O~6~ structural isomers ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a--d) and water ([Figure S24a--d](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf)) estimated when the different conformer sets of C~5~H~10~O~6~ are used in the COSMO*therm* calculation. Using all conformers of C~5~H~10~O~6~ leads to large variations between activity coefficients for the different C~5~H~10~O~6~ isomers ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a) and for water in the binary mixtures of the different C~5~H~10~O~6~ isomers ([Figure S24a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf)). Differences between the different structural isomers are much smaller when the C~5~H~10~O~6~ conformers containing intramolecular H-bonds are omitted from the COSMO*therm* calculation ([Figures [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}d and [S24d](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf)). Similarly for the C~5~H~12~O~6~ diastereomers, estimated activity coefficients for water and organic isomers are most similar when the 0 H-bond conformer set is used. The same was seen for saturation vapor pressures of the two iso1 diastereomers by Kurtén et al.^[@ref14]^ However, the ratio of the highest and the lowest saturation vapor pressures of the C~5~H~10~O~6~ isomers increased when the number of intramolecular H-bonds was limited in the calculation (from 3.8 calculated using the 2 H-bond conformers to 8.2 using the 0 H-bond conformers).^[@ref14]^

![Activity coefficients (γ^I^) of C~5~H~10~O~6~ in water at 298.15 K, as a function of organic mole fraction *x*. The conformer sets of C~5~H~10~O~6~ used in the COSMO*therm* calculation are (a) 3 H-bonds, (b) 2 H-bonds, (c) 1 H-bond, and (d) 0 H-bonds.](jp0c04285_0002){#fig10}

There is a clear difference in the binary aqueous activity coefficients of the isomer3 diastereomers ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information) calculated using the 0 H-bond conformer set and the other conformer sets. For isomer3, the lowest-energy conformers in the 0 H-bond conformer set are the 158th (R,S) and 184th (R,R) lowest-energy conformers out of all conformers found with systematic conformer search. These conformers are not included in any of the other conformer sets due to their high relative energy. This is likely due to the strong hydrogen bonding between the hydroxyl group and the adjacent carbonyl group (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf) of the Supporting Information). For the other structural isomers, the lowest-energy conformer of the 0 H-bond conformer set is included in the 40 lowest-energy conformers and thus in all of the conformer sets. This indicates that multifunctional compounds may be described adequately (especially in systems close to the pure compound reference state) if the set of lowest-energy conformers selected to the calculation includes a sufficient number of conformers without any intramolecular H-bonding.

Conclusions {#sec4}
===========

We have investigated the effect of selecting conformers, on the basis of their intramolecular hydrogen bonding, on the condensed-phase properties of SOA representatives in aqueous solutions calculated using the COSMO*therm* program. There is a general scarcity of experimental data for properties needed to describe formation, transformation, and climate impact of SOA in the atmosphere. The ability to produce reliable estimates from theoretical approaches could therefore be a critical step to increase the accuracy of large-scale predictions of atmospheric chemistry and climate effects of SOA. To benchmark our calculations, we therefore studied citric, tartaric, malic, and maleic acids for which experimental aqueous solubility and activity data are available in the literature, in addition to atmospherically relevant highly oxidized α-pinene-derived organosulfates and isoprene-derived compounds. At the moment, no experimental thermophysical data are available for these atmospheric SOA compounds and these estimates can therefore provide a first insight to their multiphase behavior.

We find that in polar solvents, such as atmospherically ubiquitous water, conformers with H-bond donors that have free hydrogen bonding areas are able to interact with the solvent, which increases the solubility. If conformers containing no intramolecular H-bonds are not included in the COSMO*therm* calculations, or if their weight in the calculation is small, the estimated solubility is significantly lower. For most of the compounds studied here, the estimated solubility therefore increases when only conformers with 0 intramolecular H-bonds are selected. For other solvents, the relevant conformer distribution can be determined by finding conformer weights in each solution using a set of conformers that contain different number of intramolecular H-bonds. For example, in organic nonpolar solvents, H-bond donors of solutes are not able to interact with the solvent and conformers containing multiple intramolecular H-bonds are likely more favorable than conformers containing no intramolecular H-bonds.

The comparison between experimental aqueous solubilities and COSMO*therm* estimates of citric, tartaric, malic, and maleic acids shows better agreement when only conformers containing no intramolecular hydrogen bonds are used in the COSMO*therm* calculation (on average a factor of 1.2 overestimation as opposed to an underestimation by a factor of 5 using the COSMO*base* conformers). For the α-pinene-derived organosulfates, the estimated solubilities of both the organic compound and water generally increase in a similar fashion when the number of intramolecular H-bonds is limited in the COSMO*therm* calculation. Limiting the number of intramolecular hydrogen bonds in the conformers also reduces differences in estimated activity coefficients for both diastereomers and structural isomers of the same chemical formula. The effect of a favorable positioning of the functional groups, with regard to intramolecular hydrogen bond formation, is neglected when the conformers containing hydrogen bonds are removed from the calculation.

Estimating the saturation vapor pressures of the isoprene-derived C~5~H~12~O~6~, Kurtén et al.^[@ref14]^ found that the BP/def2-TZVPD level of theory overestimates the strength of intramolecular H-bonds in the gas phase. This causes errors in the saturation vapor pressure estimates, where an accurate gas-phase energy is needed to describe the stability of the compound both in the condensed and in the gas phase. However, using a coupled cluster energy correction to correct the gas-phase energies only decreased the saturation vapor pressure estimate by a factor of 2, while the uncorrected estimate overestimated the experiments by 2 orders of magnitude.^[@ref14]^ Since the gas-phase energy is not needed for estimating condensed-phase properties, improving the gas-phase energy description does not affect properties such as solubility and activity.

Selecting conformers on the basis of the number of intramolecular H-bonds, Kurtén et al.^[@ref14]^ found that decreasing the number of H-bonds by 1 decreases the saturation vapor pressure estimate roughly by a factor of 5. Here, we find that at 298.15 K one intramolecular H-bond (difference between 0 and 1 H-bond) changes the solubility by a factor of 1.8 (citric acid and α-pinene-OS). Although this effect is numerically smaller than what was seen in the saturation vapor pressures of C~5~H~10~O~6~ and C~5~H~12~O~6~ by Kurtén et al.,^[@ref14]^ the global impact on SOA formation and climate effects may be equally large, considering the critical role of SOA--water interactions. For activity coefficients, the effect of intramolecular hydrogen bonds is highest for mixing states farthest from the reference state, i.e., at infinite dilution of the organic (in convention I) and at concentrated organic for water activities. At most, activity coefficients decrease by a factor of 6.9 (at infinite dilution), when the number of intramolecular H-bonds is limited from one to zero. On average, the activity coefficients of the organics (C~5~H~10~O~6~ and C~5~H~12~O~6~) and water decrease by a factor of 2.9 and 1.4, respectively, switching from the 1 H-bond conformer set to the 0 H-bond conformer set. In general, no significant differences are seen in the corresponding activity coefficients between using the 4, 3, 2, and 1 H-bond conformer sets.

This work shows that COSMO*therm* can give quite reasonable predictions of solubility and activity for highly oxidized atmospheric organics, such as citric, tartaric, malic, and maleic acids, if care is taken to not bias estimates with an overestimation of the effect of intramolecular hydrogen bonding. These results can be applied to other polycarboxylic acids and possibly other atmospherically relevant multifunctional organic compounds, such as peroxides. The importance of conformers containing no intramolecular H-bonds is seen in the weights of conformers in different solutions. For example, the weight of 0 H-bond conformers of α-pinene-OS-1 and 2 is high in aqueous solutions, similar to results for citric acid. For the highly oxidized isoprene-derived compounds the weight of 0 H-bond conformers is even higher (above 0.77 for iso1-S,R when the conformer set contains 6, 5, and 5 lowest-energy conformers form 3, 1, and 0 H-bond conformer sets, respectively) in the total conformer distribution in all mixing states with water. For other types of compounds, the validity of using only conformers containing no intramolecular H-bonds can be tested by finding which types of conformers have the highest weights in the conformer distribution of the studied solution.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpca.0c04285](https://pubs.acs.org/doi/10.1021/acs.jpca.0c04285?goto=supporting-info).Figures S1--S3, isomers of isoprene- and α-pinene-derived multifunctional compounds, and citric acid; Figure S5, aqueous solubilities of tartaric, malic, and maleic acids; Figure S9, water activity coefficients in tartaric, malic, and maleic solutions; Table S4, activity coefficients in aqueous tartaric, malic, and maleic acid solutions; Section S1, additional details on citric acid calculations and results (S1.1 conformers, S1.2 density, S1.3 free energy of fusion estimate, S1.4 p*K*~a~, S1.5 conversion of experimental activity coefficient, S1.6 effect of intramolecular hydrogen bonds); Section S2, additional results of α-pinene-derived OS; Section S3, additional results of isoprene-derived compounds ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c04285/suppl_file/jp0c04285_si_001.pdf))
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